Ciclopirox olamine (CPX) is an antifungal drug that has been reported to have antitumor effects. In this study we investigated the antileukemia effects and the possible mechanisms of CPX on glucocorticoid (GC)-resistant T-cell acute lymphoblastic leukemia (T-ALL) cell lines. The results indicated that CPX inhibited the growth of GC-resistant T-ALL cells in a time-and dose-dependent manner, and this effect was closely correlated with the downregulation of intracellular ferritin. CPX induced cell cycle arrest at G1 phase by upregulation of cyclin-dependent kinase (CDK) inhibitor of p21 and downregulation of the expressions of cyclin D, retinoblastoma protein (Rb), and phosphorylated Rb (pRb). CPX also enhanced apoptotic cell death by downregulation of anti-apoptotic proteins such as Bcl-2, Bcl-xL , and Mcl-1. More importantly, CPX demonstrated a strong synergistic antileukemia effect with GC and this effect was mediated, at least in part, by inhibition of the β-catenin-c-Myc signaling pathway. These findings suggest that CPX could be a promising antileukemia drug, and modulation of the intracellular ferritin expression might be an effective method in the treatment of ALL. Therefore, integrating CPX into the current GC-containing ALL protocols could lead to the improvement of the outcome of ALL, especially GC-resistant ALL.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common cancer diagnosed in children. With precise risk-based stratification and optimized risk-directed therapy, it has an overall survival rate of approximately 80%, with certain subsets experiencing a greater than 98% cure rate [1, 2] . Glucocorticoids (GCs), such as prednisolone and dexamethasone (DEX), have been the keystone in the treatment of children with ALL for over 50 years [3, 4] . The initial response to GC therapy has a strong prognostic value in ALL [5] [6] [7] . High sensitivity of leukemic blasts to GC determined by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay in vitro was also connected with a good prognosis [8] . However, clinical GC resistance occurs in 10-30% of newly-diagnosed ALL patients and is more frequently seen in those with T-lineage ALL (T-ALL), and it always leads to the failure of chemotherapy [9, 10] . T-ALL is a highly malignant tumor representing 10-15% of pediatric and 25% of adult ALL and is clinically regarded as a high risk disease with a relapse rate of about 30% in children [11, 12] . Therefore, defining the molecular mechanism and especially finding a way to overcome GC resistance would contribute to the improvement of the outcome of T-ALL patients.
Ciclopirox olamine (CPX), an antifungal agent commonly used for the dermatologic treatment of mycoses in clinical practice for more than 30 years [13, 14] , has been shown recently to have antitumor properties in multiple cancers [15] , including hematological malignancies, such as acute leukemia and multiple myeloma [16] [17] [18] [19] . Yet, there is rare report on CPX's antileukemia effect on ALL, especially on ALL with GC resistance. In this study, we used the GC resistant T-ALL cell lines to investigate this antileukemia effect and explore the possible mechanisms of CPX on GC-resistant cell lines. Our findings suggest that CPX might be an attractive new therapeutic approach for GC-resistant T-ALL patients.
Materials and Methods

Cell lines
Five T-ALL cell lines were used in the experiments. Jurkat (GC resistant) and Molt-4 (GC resistant) were kindly provided by Dr. Stephan W. Morris (St. Jude Children's Research Hospital, Memphis, TN), CEM-C7 (GC sensitive) and CEM-C1 (GC resistant) were kindly provided by Dr. E. Brad Thompson (University of Texas Medical Branch), and KE-37 (GC sensitive) was obtained from DSMZ. All cell lines were cultured in RPMI 1640 (HyClone, Thermo SCIEN-TIFIC), supplemented with 10% newborn bovine serum (NBS, Minhai, Lanzhou, China), 2 mM L-glutamine (Gibco, Carlsbad, CA, USA) at 37°C in a humidified 5% CO 2 in-air atmosphere.
Reagents and antibodies
CPX (Sigma, St. Louis, MO, USA) was dissolved in ethanol to make the concentration of the stock solution of 1x10 5 μM. The final concentration of ethanol in the medium was no more than 0.02%, at which cell proliferation/growth or viability was not obviously altered. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and propidium iodide (PI) were purchased from Sigma. The Annexin V-PI kit was purchased from Keygen (Nanjing, China). Enhanced chemiluminescence (ECL) was purchased from Pierce (Rockford, IL, USA). Antibodies to ferritin, Bim, Mcl-1, cyclins A and D, Caspase-3, Rb, c-Myc, phospho-Rb, secondary antibodies of HRP-conjugated donkey anti-rabbit, and sheep anti-mouse were obtained from Cell Signaling Technology (Beverly, MA, USA). The antibody to p21 was purchased from BD Bioscience (San Jose, CA, USA), the antibody to β-catein was obtained from Millipore (Billerica, Massachusetts, USA), and the anti-GAPDH antibody was obtained from Kangchen BioTech (Shanghai, China).
Cell treatment
Logarithmically growing cells were harvested and replaced in 96-or 6-well or 10mm sterile plastic culture plates, and different concentrations of CPX (1, 1.25, 2.5, 5, 10, 20, and 40 μM) and 0.02% ethanol (control) were added respectively. At the end of the incubation period, cells were transferred to sterile centrifuge tubes, pelleted by centrifugation at 400 x g at room temperature for 5 min, and prepared for analysis as described below.
Proliferation assay
Logarithmically growing cells were seeded in 96-well plates (20,000 cells per well), and 0.5 mg/ mL MTT (final concentration) was added to each well, and the plates were incubated for 4 h at 37°C. Then, 100% (v/v) of a solubilization solution (10% SDS in 0.01 M HCl) was added to each well, and the plates were reincubated for 24 h at 37°C. Spectrophotometric absorbance was measured at 570 nm (reference 690 nm) using a multi-plate reader (Multiskan Spectrum, Thermo Electron Co., Vantaa, Finland). Values were obtained by comparing these cells with their respective controls.
Cell cycle analysis
For each analysis, 10 6 cells were harvested after treatment, then washed by phosphate-buffered saline (PBS, pH 7.36) at 900 x g for 3 min twice and fixed overnight in 70% ethanol at 4°C. Cells were then washed and stained with 5 μg/ml PI in the presence of DNAse free RNAse (Sigma). After 30 min at 4°C, the cells were analyzed using Cytomics FC 500 (Beckman-Coulter, Fullerton, CA).
Assay for apoptosis
The samples were washed with PBS twice and re-suspended in 500 μl of binding buffer containing 5 μl of Annexin V-FITC stock solution and 5 μl of PI for determination of phosphatidyl serine exposure on the outer plasma membrane. After incubation for 10 min at room temperature in a light-protected area, the samples were quantified by flow cytometry with Cytomics FC 500.
Western blot analysis
Cells (10 6 ) were washed twice in cold PBS, lysed by RIPA sample buffer with proteinase and phosphatase inhibitor (Keygen, Nanjing, China), placed in an iced bath for 30 min, and centrifugated at 10625 x g for 10 min at 4°C. The supernatants were obtained for determining the protein concentrations. Samples were boiled with protein buffer solution including 5% β-mercaptoethanol for 5 min at 100°C, then centrifugated at 10625 x g for 1 min at room temperature. Proteins were separated on 10% or 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF membranes (0.2 μM, Mllipore, São Paulo, SP, Brazil). Non-specific-binding sites were blocked with 5% non-fat dry milk dissolved in TBS (10 mM Tris-HCl,pH 7.6, 137 mM NaCl) with 0.1% Tween 20 (TTBS) for 2 h at room temperature followed by incubation with primary antibody at 4°C overnight. The membranes were then washed 3 times in TTBS and incubated for 2 h at room temperature with secondary horseradish peroxidase (HRP)-conjugated donkey anti-rabbit antibody or HRP-conjugated sheep antimouse antibody diluted 1:5000 in TTBS with 5% non-fat milk. Proteins were visualized by enhanced chemiluminescent (ECL) plus (Amersham Biosciences, Piscataway, NJ). All experiments were carried out independently at least 3 times. The level of the GAPDH protein was used as a control of the amount of protein loaded into each lane.
Statistical analysis
All assays were performed in triplicate, and the data were expressed as mean values ±SD. The Student's t-test was used to compare two groups. Results were considered significant with Pvalue <0.05.
Results
CPX inhibited the growth of T-ALL cells. To evaluate the potential antileukemia effect of CPX on GC-resistant T-ALL cells, we selected a panel of five T-ALL cell lines, three GC-resistant cell lines, CEM-C1, Molt-4, and Jurkat, and two GC-sensitive cell lines, CEM-C7 and KE-37, which were used as controls. Five cell lines were incubated for 72 h with different concentrations of CPX ranging from 1.25 to 40 μM. CPX inhibited the growth of all five T-ALL cell lines in a time and dosage dependent manner (Fig 1A to 1E) . CPX at the concentration of 10 μM showed a marked inhibitory effect on all of the 5 tumor cell lines, but had lesser cytotoxicity on the non-malignant mesenchymal stem cells derived from bone marrow (Fig 1F) . Since animal model studies indicated that the serum concentrations of 10μM were achievable after repeated administration of CPX to rats and dogs and were not toxic [16] , we choose this concentration for further study. At this concentration, the percentage of viable tumor cells was much lower as compared with their control groups after 24, 48, and 72 h treatment, P<0.05 (Table 1 ). These data suggest that CPX displays a growth inhibitory effect on T-ALL cells, no matter whether they are GC sensitive or resistant.
CPX's inhibitory effect was closely correlated with downregulation of intracellular ferritin expression. CPX is a well-known iron chelator which can bind tightly to intracellular iron molecules to block the ions' ability to catalyze redox reactions. To see whether CPX has an effect on ferritin expression in the cells, we did Western blot analysis to test the intracellular ferritin levels in the leukemia cells. CPX downregulated the expression of intracellular ferritin in a time-and concentration-dependent manner in GC-sensitive CEM-C7 cells as well as in GCresistant CEM-C1 cells (Fig 2A and 2B) . Pre-treatment of CEM-C1 cells with Fe 3+ could markedly induce the expression level of intracellular ferritin ( Fig 2C) and totally blocked the inhibitory effect of CPX on both CEM-C1 and CEM-C7 cells (Fig 2D) . The similar results were also found in the other two GC-resistant cell lines of Jurkat and Molt-4 (Data not shown). Interestingly, although we did not see a difference in ferritin expressions in GC-sensitive and -resistant cells, we found that GC-resistant CEM-C1 cells did have a higher capacity of upregulation of ferritin than GC-sensitive CEM-C7 cells (Fig 2E) . These findings suggest that CPX's antileukemia effect is associated with downregulation of intracellular ferritin expression. CPX arrested T-ALL cells in G1 phase of the cell cycle. Flow cytometric analysis (FACS) showed that CPX clearly induced G1 cell cycle arrest in GC-sensitive CEM-C7 and the other three GC-resistant cell lines of T-ALL. After incubation with CPX at 10 μM for 12 and 24 h, G1-phase cells were increased from originally 39.6 to 50.9 and 60.8% respectively in CEM-C1 cells (Fig 3A) , from originally 55.6 to 87.2 and 91.6% in CEM-C7 cells (Fig 3B) , from originally 50.7 to 85.3 and 89.0% in Molt-4 cells (Fig 3C) , and from originally 46.2 to 72.7 and 77.1% in Jurkat cells (Fig 3D) . Compared with their controls, the differences were significant in all of the four cells (P < 0.05). This increase in G1/G0 cell population was accompanied with a concomitant decrease of cell numbers in S phase and G2/M phase of the cell cycle.
Cell-cycle progression is regulated by a series of cyclins and cyclin-dependent kinases (CDKs). To evaluate the molecular basis underlying cell cycle arrest, we investigated the expression of cell cycle regulatory proteins. We chose to test the expressions of cyclin A and D, and CDK inhibitors, p21 and p27. As shown in Fig 3E, CPX markedly induced upregulation of CDK inhibitor of p21, but slightly inhibited p27 expression. It also inhibited cyclin D, but had no effect on the expression of cyclin A. The retinoblastoma protein, Rb, is a tumor suppressor protein that is dysfunctional in several major cancers. Rb restricts the cell's ability to replicate DNA by preventing its progression from the G1 to S phase of the cell division cycle. When the cell is ready to divide, Rb is phosphorylated, becomes inactive, and allows cell cycle progression. CPX inhibited both Rb expression and its phosphorylation, especially the latter. CPX induced apoptosis in T-ALL cells. Annexin V-FITC and PI staining were used to determine the early and late stage of apoptosis. After 12 h treatment with CPX at 10 μM, there was an increased rate of early stages of apoptosis (Annexin V-FITC+/PI-) in all three GC-resistant cells as well as the GC-sensitive CEM-C7 cells. After 24 h treatment, both the early and late phases of apoptotic cell death (Annexin V-FITC+/PI+) were increased (Fig 4A, 4B and Table 2 ). Taken together, these results suggested that CPX induced apoptosis in T-ALL cells. To understand the mechanism by which CPX induced apoptosis of the T-ALL cells, we then (Fig 5A and 5B) . However, after CPX treatment, there was no obvious upregulation of pro-apoptotic proteins of Bim and Bax, but there was a clear decrease in the expressions of the anti-apoptosis proteins of Bcl-2, Mcl-1, and Bcl-xL in both GC-resistant CEM-C1 and GC-sensitive CEM-C7 cells (Fig 5C and 5D) , which showed no changes with DEX treatment. Caspase-3 is activated in both extrinsic and intrinsic apoptotic pathways. Western blot analysis in CEM-C1 cells indicated that CPX activated Caspase-3 pathway by induction of its two processed forms, although there was not a clear-cut time-and dosage-dependent manner (Fig 5E) . Similar findings were seen in other T-ALL cell lines. These data support that CPX induces apoptosis in T-ALL cells by downregulation of anti-apoptosis proteins instead of upregulation of pro-apoptosis proteins.
CPX demonstrated a strong synergistic antileukemia effect with DEX in T-ALL cells. CPX inhibited the growth of both GC-sensitive and GC-resistant T-ALL cells in a time-and concentration-dependent manner. Moreover, CPX had a strong synergistic antileukemia effect with DEX in GC-resistant cells. When it was used in combination with DEX, even at a concentration as low as 1 μM, it demonstrated a potent growth inhibition in all 3 GC-resistant cells, especially after 72 h of exposure (Fig 6A-6C) . Cytometric analysis demonstrated that CPX and DEX had an increased synergistic effect on inducing apoptosis after 24 h of co-treatment of the CEM-C1 cells (Fig 6D) . DEX could downregulate the expressions of β-catenin and c-Myc only on GC sensitive CEM-C7 cells (Fig 7A) , whereas 10 μM CPX could downregulate these two proteins in both GC-sensitive CEM-C7 cells and GC-resistant CEM-C1cells (Fig 7B) . A low concentration of CPX at 1 μM had no effect on inhibition of the protein expressions in CEM-C1 cells, but when it was used together with DEX, there was a marked synergistic inhibition on the expression of both β-catenin and c-Myc in CEM-C1 cells (Fig 7C) . However, pre-treatment of the tumor cells with Fe 3+ could block the inhibitory effect of CPX on the expressions of β-catenin and c-Myc (Fig 7D) . These data suggest that the synergistic antileukemia effect of CPX and DEX might be mediated by inhibition of the β-catenin-c-Myc signaling pathway. Discussion T-ALLs are aggressive proliferations of transformed T-cell progenitors, with overall survival rates of 70% in children and 40% in adults [10, 11] . Patients with T-ALL have historically been classified as a risk group and experience a worse prognosis [12, [20] [21] [22] . Although intensification of chemotherapeutic schedules greatly improved its prognosis in the past 10 years, about 15% of pediatric and 40% of adult T-ALL patients still relapse due to acquired therapy resistance within the first 2 years following diagnosis and present very dismal survival perspectives [2, 3, 11] . GCs are one of the most utilized and the most effective therapies in treating T-ALLs, however, patients often develop resistance to GCs, rendering these therapies ineffective [23] [24] [25] . Also, primary GC resistance which confers a much higher risk of relapse is particularly prevalent in T-ALL compared to B-precursor leukemias [26] . Therefore, to improve the prognosis of T-ALL, it is essential to define the mechanism of GC resistance, identify pathways leading to it and finally find new therapeutic reagents to overcome it. CPX is currently approved for the topical treatment of cutaneous fungal infections and available in a variety of topical formulations including gels, creams, lacquers, and shampoos [19] . Recently, preclinical studies showed that systemic administration of CPX as an antitumor agent in advanced hematologic malignancies was well tolerated and displayed biological activity [17] . Although the exact mechanism of ciclopirox is unclear, its antitumor activity has been attributed to iron chelation [16] . By chelating intracellular iron, CPX inhibits iron-dependent enzymes such as ribonucleotide reductase [27, 28] and disrupts iron-dependent cellular processes such as Wnt signaling [29, 30] . In this study, we found that CPX had antileukemia effects on both GC-sensitive and GC-resistant T-ALL cells, and this effect was closely correlated with downregulation of intracellular ferritin since addition of FeCl 3 could markedly induce ferritin expression and totally blocked its antileukemia effect.
Ferritin is a ubiquitous intracellular protein that stores iron, which is an essential element for mammalian cell growth and proliferation. It is a globular protein complex consisting of 24 protein subunits composed of two subunit types, termed H and L chain [31] . The ferritin H subunit has a potent ferroxidase activity that catalyses the oxidation of ferrous iron, whereas ferritin L plays a role in iron nucleation and protein stability [32] . Ferritin is found in most tissues as a cytosolic protein, but small amounts are secreted into the serum where it functions as an iron carrier. In humans, it acts as a buffer against iron deficiency and iron overload. However, more evidence suggest that ferritin is differentially over-expressed in tissues from multiple malignancies, including hepatocellular carcinoma, Hodgkin's lymphoma, breast cancer, pancreatic cancer, and acute leukemias [33] . Also there are data suggesting that high ferritin expression can enhance cell growth and improve resistance to oxidative stress by inhibiting the accumulation of radical oxygen species (ROS) aftertreatment with oxidative insults in metastatic melanoma and breast cancer cells by interfering with their cellular antioxidant system, and its downregulation could disrupt the supportive tumor microenvironment, kill cancer cells, and increase sensitivity to chemotherapy, suggesting that ferritin could be an attractive target for cancer therapy [34] . In our study, we did not see a difference in ferritin expressions in GC-sensitive and -resistant cells, but GC resistant CEM-C1 cells did have a higher capacity of upregulation of ferritin than GC-sensitive CEM-C7 cells. CPX demonstrated an equally inhibitive effect on ferritin expression in both GC-sensitive and GC-resistance T-ALL cells, which would explain its effectiveness in both GC-sensitive and GC-resistance cells.
Chromosomal aberrations leading to abnormal fusion proteins are not commonly found in T-ALL, however, aberrant regulations of signaling pathways that control normal T-cell development in the thymus are important for T-ALL leukomogenesis [35] . Constitutive activation of NOTCH and β-catenin-mediated WNT signaling pathways are two of the most important and common alternations found in T-ALL [35, 36] , and c-Myc is the direct transcriptional target of both pathways. In this study, we showed that DEX could inhibit both c-Myc and β-catenin expressions in GC-sensitive CEM-C7 cells, but not in GC-resistant CEM-C1 cells. High concentration of CPX at 10 μM alone could inhibit β-catenin and c-Myc expressions in both GC-sensitive CEM-C7 and GC-resistant CEM-C1 cells. Importantly, CPX, even at a lower concentration of 1 μM, had a strong synergistic effect with DEX in inhibiting the expressions of β-catenin and c-Myc, especially the latter. These data would suggest that CPX's antileukemia effect in GC-resistant cells might be mediated by directly targeting iron-dependent (WNT)/β-catenin signaling pathway and indirectly NOTCH pathway through inhibiting cMyc expression. We also demonstrated that CPX could induce cell cycle arrest at G1 phase in all of the four T-ALL cell lines. CPX downregulated the expressions of cyclin D, Rb, and phosphorylated Rb (pRb) but had no effect on cyclin A. Mechanically CPX induced cell cycle arrest by upregulation of cyclin-dependent kinase (CDK) inhibitor of p21, which can bind and inhibit the cyclin D, E, and A-dependent kinases (CDK2 and CDK4), but surprisingly CPX inhibited CDK inhibitor of p27 which can inhibit the activity of cyclin E or A containing CDK2. These findings are consistent with the results of a similar study in another human solid tumor cell line, rhabdomyosarcoma (Rh30) cells [23] .
CPX could also induce apoptosis in GC-resistant T-ALL cells. Unlike PI3K/AKT/mTOR pathway inhibitors which can re-sensitize T-ALL cells to GC treatment by upregulation of proapoptotic proteins of Bim and Bax [37] , CPX mainly downregulated the expression of antiapoptosis proteins of Bcl-2, Mcl-1, and Bcl-xL.
In conclusion, CPX displays antileukemia effect on both GC-sensitive and GC-resistant T-ALL cells, and this is closely correlated with downregulation of intracellular ferritin expression and inhibition of the β-catein-c-Myc signaling pathway. CPX shows a strong synergistic antileukemia effect with GC in GC-resistant T-ALL cells. These data suggest that modulation of the intracellular ferritin expression in leukemia cells might be an effective method in the treatment of ALL, and integration of CPX into the current GC-containing ALL protocols could lead to improvement of treatment options in ALL, especially in GC-resistant ALL.
